Introduction {#s1}
============

Glioblastoma (GBM) is the most common and devastating primary malignant brain tumor in adults ([@B1], [@B2]). The standard of care (SOC) for newly diagnosed GBM includes maximal safe tumor resection, 6 weeks of concurrent radiation with temozolomide (TMZ), followed by maintenance (or adjuvant) TMZ for a total of 6 to 12 cycles ([@B1]). Angiogenesis is a hallmark of GBM, and it is mediated in part by vascular endothelial growth factor (VEGF). The VEGF pathway can be inhibited by bevacizumab (BEV), a humanized monoclonal antibody binding specifically to circulating VEGF-A which received accelerated approval by the United States Food and Drug Administration (FDA) for the treatment of recurrent GBM (rGBM) in May 2009 based on results from two phase II trials ([@B3], [@B4]). However, administration of BEV along with TMZ as an adjuvant treatment for newly diagnosed GBM did not improve median overall survival (OS) when compared to patients that received TMZ monotherapy ([@B5], [@B6]). Nevertheless, BEV remains as an anti-angiogenesis therapy for rGBM in USA, and it is administered biweekly with or without irinotecan (IRI) ([@B7]) depending on treating physicians. Other therapies have been applied to rGBM, including second craniotomy with or without carmustine implantation (Gliadel wafers), salvage radiation, dose-dense TMZ, nitrosoureas, carboplatin, PCV \[procarbazine, lomustine (CCNU) and vincristine\], etoposide or IRI ([@B8]--[@B10]). TMZ is not commonly used for rGBM therapy ([@B11]). Optune™, a tumor treating fields (TTFields) medical device, is a novel therapeutic modality that was approved by the FDA for both recurrent and newly diagnosed GBM in April 2011 and October 2015, respectively. The EF-14 phase III clinical trial (NCT00916409) using TTFields along with maintenance TMZ prolonged median OS to 20.9 months, which was superior to a median OS of 16.0 months in the control group treated with TMZ monotherapy for newly diagnosed GBM ([@B12]). Based on an analysis of population-based databases, the median OS in the general GBM population is between 8 and 11 months ([@B13]).

GBM consists of a heterogeneous population of cells that are genetically unstable and highly infiltrative. GBM tissues demonstrate angiogenesis and have variable sensitivities or resistance to chemotherapy, radiation, and other therapeutic modalities ([@B14]). Combination chemotherapy is the strategy of using chemotherapy drugs concurrently to yield additive or synergistic inhibitory effects to glioma cell growth and make it difficult for cancer cells to develop drug resistance ([@B15], [@B16]). However, no chemotherapy combination has yet been shown to extend survival time than current SOC treatment for rGBM patients through phase III studies. Current rGBM treatments are mainly monotherapy of CCNU, or BEV-based chemotherapy (BBC) with or without TTFields. BBC regimens can be either BEV, BEV+IRI, or BEV+CCNU. Retreatment with TMZ for rGBM is also reported in literature, but it is not as commonly used as BBC. There have been clinical trials evaluating the efficacy of combinations of two chemotherapy drugs for rGBM. TMZ-containing or BEV-containing two-drug combinations did not show better outcomes than monotherapy with TMZ or BEV alone ([@B11]). A combination of BEV and CCNU did demonstrate a survival benefit in a phase II study ([@B17]); however, a recently-completed phase III study demonstrated that treatment with the combination of BEV and CCNU (*N* = 288) did not confer a survival advantage over treatment with CCNU monotherapy (*N* = 149) in rGBM patients ([@B18]). The triple-drug combination of TMZ, BEV and IRI (TBI) has been studied in 3 different clinical trials treating GBM: a phase I study of 41 unresectable GBM patients (NCT00979017) ([@B19]), a phase II study of 75 newly diagnosed GBM subjects (NCT00597402) ([@B20]), and a phase I pilot study including 12 high-grade glioma (HGG) subjects (NCT00890786) ([@B21]). These studies demonstrated that the TBI regimen was reasonably tolerated among GBM and HGG patients. Six other clinical studies ([Supplement Table 1](#SM1){ref-type="supplementary-material"}) also used the TBI regimen and reported no unexpected toxicities. However, the TBI regimen has not hitherto been studied in rGBM.

The TBI regimen has not been approved by FDA for rGBM. However, the FDA does not restrict physicians\' practice for "off-label" use of approved medications or their combinations ([@B22]). Neuro-oncologists at the Mischer Neuroscience Institute (MNI)/UTHealth have been treating rGBM patients with normal bone marrow function with the TBI regimen since 2010. The treatment recommendation of the TBI regimen for rGBM patients is based on three factors: (1) rGBM has poorer prognosis and BEV monotherapy has only limited benefit; (2) there is no effective therapy after BEV failure; (3) TBI is reasonably tolerated for both children and adults patients as summarized in [Supplement Table 1](#SM1){ref-type="supplementary-material"}. The senior author had anecdotal experiences treating rGBM patients with TBI and had observed higher chances of long-term (\>3 years) survival of those patients. Thereafter, TBI is offered to selected patients with rGBM based on the physician\'s best knowledge, experience and judgement with risks and benefits being well-communicated to prospective patients. After FDA approval of TTFields for rGBM in 2011, TBI with TTFields was recommended to patients with rGBM. Other patients received TTFields through their participation of EF-14 clinical trial (NCT00916409) for newly diagnosed GBM ([@B12]) and continue using the device through tumor progression. After 8 years of experience and accumulation of a cohort of patients who received TBI therapy with TTFields, we conducted a retrospective study analyzing the survival benefit and adverse events from two groups of patients (TBI+T and BBC+T) from January 1, 2011 to March 31, 2018, collaborating with the neuro-oncology colleagues at Baylor Scott and White Health (BSWH). Our primary goal was to see if there was a survival benefit and document any new and unexpected adverse events in the two patient groups. Our secondary goal was to analyze the occurrence of grade III and IV AEs associated with these combination therapies.

Materials and Methods {#s2}
=====================

Patient Selection
-----------------

The study protocol was approved by the Committee for the Protection of Human Subjects at UTHealth and the Scott & White Institutional Review Board, respectively. Adult rGBM patients that received TTFields treatment for 30 days or longer starting January 1, 2011 were included in the study. Among 48 eligible patients, 20 of them started TTFields during the adjuvant chemotherapy phase and 28 subjects began TTFields during the salvage chemotherapy period. The subjects were further classified into two subgroups according to the chemotherapies received: TBI+T vs. BBC+T ([Figure 1](#F1){ref-type="fig"}). The data collection cut-off date was March 31, 2018.

![Data review flowchart and swimmer plot of patients who received TTFields for 30 days and longer. Data review flowchart showed the data selection process and treatments with different salvage chemotherapies in two subgroups. Patient\'s IDs are listed on each line within the swimmer plot. All patients are aligned according to the date of first disease progression (green triangle), and the second GBM progression dates are all marked (blue square). The horizontal bar with an arrow at the right end indicates subjects who were still alive as of 3/31/2018 while the blunt end bar indicates subjects who passed away. Survival status for patient number 43 in BBC+T group was unknown (\*).](fneur-10-00042-g0001){#F1}

Chemotherapies, TTFields and Adverse Events Grading
---------------------------------------------------

TTFields was delivered through 4 panel transducers on a shaved scalp according to the array map produced for each subject by NovoTAL™ (Novocure, Inc.) per the manufacturer and FDA guidelines. Transducers were replaced twice a week. The patients in the TBI+T group received concurrent TBI and TTFields at tumor recurrence. Daily TMZ (150 mg/M^2^) was given for the first 5 days of every 28-days cycle, BEV (10 mg/kg) and IRI (125 mg/M^2^) infusions were given on completion of at least one cycle. BEV plus IRI were administered every 2 weeks intravenously; dose adjustment, and/or treatment delay were allowed. No patient received enzyme inducing anti-epileptic medication. For the BBC+T group, the patients received BEV-based chemotherapy including BEV monotherapy or BEV-based two-drug combinations (BEV+IRI, or BEV+CCNU). Medical records and treatment histories were reviewed. Collected information included age, sex, body weight, diagnosis, surgery, lab results (complete blood count, comprehensive metabolic panel, liver and renal function tests, and urinalysis), MRI, pathology report, chemotherapy history, survival status, and adverse events (AE). Common Terminology Criteria for Adverse Events (CTCAE), version 4.0, was used to grade the severity of the AE.

Statistical Analysis
--------------------

The student\'s *t*-test or Pearson\'s χ^2^ test was applied to compare baseline characteristics of the groups. OS was calculated from the initial diagnosis of GBM to death, or the last follow up. PFS was calculated from the initial diagnosis of GBM to the date of first progression. OS-R was calculated from the date of diagnosis of first GBM progression to death or last follow-up in the majority of cases; in cases where TBI was started other than at first progression, it was calculated from corresponding progression date to death. PFS-R was calculated from the date of the first tumor progression to the second progression; in cases where TBI was started other than first progression, it was calculated from the corresponding progression date to the next progression. Patients who were alive or those whose survival status was unknown on March 31, 2018 were censored. The Kaplan-Meier method was applied to estimate OS, PFS, OS-R, and PFS-R. The difference in survival functions was tested by the generalized Wilcoxon and log-rank tests. A Swimmer-Plot was utilized to compare the time-lines of GBM history by treatment group. All statistical analyses were performed with SAS 9.4 (SAS Institute Inc., Cary, North Carolina). *P*-values were two-sided and considered statistically significant at *P* \< 0.05.

Results {#s3}
=======

Patient Demographics and Treatments Received
--------------------------------------------

A total of 48 GBM patients met the inclusion criteria ([Figure 1](#F1){ref-type="fig"}). Forty patients were from MNI and eight patients were from BSWH. Twenty patients received TTFields after newly diagnosed GBM, with eight in the TBI+T group and twelve patients in the BBC+T group. The remaining 28 patients started TTFields therapy at GBM recurrence. As of March 31, 2018, 41 patients were deceased, six patients were alive, and the survival status of one patient was unknown. Median ages for the BBC+T and TBI+T groups were 58 (range: 26--76) and 53 (range: 29--70) years old, respectively. Patients received 6.1 ± 5.5 cycles of TMZ, 13.6 ± 12.3 BEV infusions, and 2.4 ± 6.7 IRI infusions in the BBC+T group; and 19.3 ± 13.3 cycles of TMZ, 25.9 ± 12.1 BEV infusions, and 21.3 ± 12.8 IRI infusions in the TBI+T group. The number of TMZ cycles included both adjuvant and salvage therapies. Details of the chemotherapies administered are presented in [Table 1](#T1){ref-type="table"}. Individual patient\'s disease status is presented in a swimmer plot in [Figure 1](#F1){ref-type="fig"}.

###### 

Baseline demographics, clinical treatment received and outcomes.

  **Characteristics**                                                        **BBC+T**                                                                     **TBI+T**
  -------------------------------------------------------------------------- ----------------------------------------------------------------------------- ---------------------------------------------------
  Total number of patients                                                   30                                                                            18
  Age (years, mean ± SD)                                                     57.8 ± 11.6                                                                   52.3 ± 9.9
  **SEX**, ***N*** **(%)**                                                                                                                                 
  Male                                                                       19 (63.3%)                                                                    12 (66.7%)
  Female                                                                     11 (36.7%)                                                                    6 (33.3%)
  **SURGICAL INTERVENTION AFTER PROGRESSION**                                                                                                              
  Stereotactic radiosurgery (SRS)                                            3                                                                             1
  2nd or more surgical resection                                             5                                                                             2
  Both craniotomy and SRS as indicated                                       5                                                                             4
  TMZ (cycles)                                                               6.1 ± 5.5[^\*^](#TN1){ref-type="table-fn"}[^\#^](#TN2){ref-type="table-fn"}   19.3 ± 13.3
  BEV infusion (times)                                                       13.6 ± 12.3                                                                   25.9 ± 12.1
  BEV total amount (mg)                                                      10,080 ± 9,622                                                                23,115 ± 11,867
  IRI infusion (times)                                                       2.4 ± 6.7                                                                     21.3 ± 12.8
  IRI total amount (mg)                                                      552 ± 1,574                                                                   5,589 ± 3,486
  **TTFIELDS THERAPY**                                                                                                                                     
  Adjuvant user, *N* (%)                                                     12 (40%)                                                                      8 (44.4%)
  Salvage user, *N* (%)                                                      18 (60%)                                                                      10 (55.6%)
  Duration (days)                                                            274 ± 309                                                                     534 ± 430
  IDH1 mutant detected[^\*\*^](#TN3){ref-type="table-fn"}                    0/12                                                                          2/11
  TERT promoter mutation detected[^\*\*^](#TN3){ref-type="table-fn"}         6/12                                                                          1/11
  EGFR mutant or amplification detected[^\*\*^](#TN3){ref-type="table-fn"}   5/12                                                                          4/11
  **OUTCOMES**                                                                                                                                             
  OS in months, median (95%CI)                                               17.8 (13.3--19.9)                                                             32.5 (17.0--49.0)[^Ω^](#TN4){ref-type="table-fn"}
  PFS in months, median (95%CI)                                              5.1 (3.3--6.1)                                                                6.6 (3.7--9.2)[^Ω^](#TN4){ref-type="table-fn"}
  OS-R in months, median (95%CI)                                             11.8 (8.6--15.8)                                                              18.9 (10.7--25.3)
  PFS-R in months, median (95%CI)                                            4.7 (3.6--6.3)                                                                10.7 (6.7--20.8)[^Ω^](#TN4){ref-type="table-fn"}

*SD, standard deviation; IDH, isocitrate dehydrogenase; TERT, telomerase reverse transcriptase; EGFR, epidermal growth factor receptor. In BBC+T group*,

four patients never received maintenance TMZ due to severe myelosuppression during the 6-weeks CCRT period;

*One patient received just 1 maintenance TMZ cycle before switching to another regimen that patient and his family had chosen*.

*11 and 12 cases from TBI+T and BBC+T groups, respectively, had next generation sequencing reports from Foundation Medicine. CI, confidence interval*.

*P \< 0.05 in at least one of two types of statistical analysis (P-values are in [Figure 2](#F2){ref-type="fig"})*.

Outcomes: Median OS, PFS, OS-R, and PFS-R Were Estimated by the Kaplan-Meier Method
-----------------------------------------------------------------------------------

As of March 31, 2018, three participants were alive in each of the two groups. Patients in the TBI+T group had median OS, PFS, OS-R and PFS-R of 32.5 (95%CI: 17.0--49.0), 6.6 (95%CI: 3.7--9.2), 18.9 (95%CI: 10.7--25.3), and 10.7 (95%CI: 6.7--20.8) months, respectively. In comparison, patients in the BBC+T group had median OS, PFS, OS-R and PFS-R of 17.8 (95%CI: 13.3--19.9), 5.1 (95%CI: 3.3--6.1), 11.8 (95%CI: 8.6--15.8), and 4.7 (95%CI: 3.6--6.3) months, respectively. When comparing treatment groups with statistical analysis, OS, PFS, and PFS-R values were significantly different with *P* \< 0.05 from at least one type of analysis ([Table 1](#T1){ref-type="table"} and [Figure 2](#F2){ref-type="fig"}). OS-R value did not show a statistical difference between the two groups.

![Kaplan --Meier Estimator analysis of **(A)** OS, **(B)** PFS, **(C)** OS-R, and **(D)** PFS-R for TBI+T and BBC+T groups. P(log) is a *p*-value based on log-rank test; Pw is a *p*-value based on Wilcoxon test. 95%CI: 95% confidence interval.](fneur-10-00042-g0002){#F2}

Adverse Events
--------------

Grade III weight loss (23.3%) and hypertension (38.9%) were the most common side effects in BBC+T and TBI+T groups, respectively. Occurrences of grade III abnormal liver enzymes, proteinuria and hypertension were 10% or higher in the TBI+T than that in BBC+T groups. In contrast, occurrences of weight loss, and thrombocytopenia (grade III and IV combined) were more frequent in the BBC+T (23.3 and 26.7%) than the TBI+T (11.1 and 11.2%) group. Grade III venous thromboembolism (VTE, either pulmonary embolism or deep venous thrombosis) occurred in 6.7 and 11.1% among BBC+T and TBI+T groups, respectively. There was one case of perforated diverticulitis in the BBC+T group, which was likely related to BEV use in the setting of previous history of diverticulosis. TTFields use was associated with scalp erythema, erosion or ulceration. However, none of these AEs developed to grade III or IV level as listed in [Table 2](#T2){ref-type="table"}.

###### 

Occurrence of grade III or higher adverse events during chemotherapy treatment.

                                                                  **BBC+T (*N* = 30)**   **TBI+T (*N* = 18)**
  --------------------------------------------------------------- ---------------------- ----------------------
  Adverse events (grade)                                          *N* (%)                *N* (%)
  Anemia (III)                                                    2 (6.7%)               0 (0%)
  Cardiovascular system (III)                                     1 (3.3%)               1 (5.6%)
  Edema (III)                                                     1 (3.3%)               0 (0%)
  GI perforation (III)                                            1 (3.3%)               0 (0%)
  Hypertension (III)                                              4 (13.3%)              7 (38.9%)
  Hypophosphatemia (III)                                          0 (0%)                 1 (5.6%)
  Leukopenia (III),                                               3 (10%)                4 (22.2%)
  Leukopenia (IV)                                                 3 (10%)                0 (0%)
  Liver enzyme elevation (III)                                    1 (3.3%)               3 (16.7%)
  Pneumonia (III)                                                 1 (3.3%)               1 (5.6%)
  Proteinuria (III)                                               1 (3.3%)               4 (22.2%)
  Thrombocytopenia (III)                                          5 (16.7%)              1 (5.6%)
  Thrombocytopenia (IV)                                           3 (10%)                1 (5.6%)
  Venous thromboembolism[^\*^](#TN5){ref-type="table-fn"} (III)   2 (6.7%)               2 (11.1%)
  Weight Loss (III)                                               7 (23.3%)              2 (11.1%)

*VTE, pulmonary embolism and deep venous thrombosis combined*.

One Example of Long PFS-R Period With TBI+T Treatment
-----------------------------------------------------

Patient number 3 was first diagnosed with GBM in April, 2, 2014 when he was 52 years old. He was randomized to the SOC arm in the EF-14 clinical trial (NCT00916409). He chose to cross-over to the TTFields arm on January 22, 2015 with permission from the trial sponsor when interim data results were available. The patient completed 1 year treatment with the TBI regimen with TTFields after second craniotomy due to first tumor progression. There is no radiographic or clinical evidence of a second tumor progression during follow-up after completion of 1 year therapies with TBI treatment and TTFields as of March, 31 2018 ([Figure 3](#F3){ref-type="fig"}). His GBM tumor tissue demonstrated O^6^-methylguanine-DNA methyltransferase (MGMT) promoter methylation, wild-type isocitrate dehydrogenase 1/2 (IDH1/2) and amplification of the epidermal growth factor receptor (EGFR) gene.

![Example of MRI results from patient number 3, a long-term survivor in the TBI+T group. The patient was treated with initial craniotomy and concurrent radiation and temozolomide followed with maintenance TMZ. He was treated with TBI (22 treatments with BEV and IRI from March 2015 to January 2016) after his first GBM progression (rGBM) was resected. The patient finished a cumulative 30 cycles of TMZ when the TBI regimen was completed and he continued on TTFields treatment alone for 39 months as of March, 31, 2018. Two craniotomy surgeries were performed in April and September of 2014, respectively. Pre- and post-craniotomy MRIs, T1 with contrast for newly diagnosed GBM \[**(A)**, 4/2/2014 and post-surgery at **(B)**, 4/16/2014\] and rGBM \[**(C)**, 8/18/2014 and post-surgery at **(D)**, 9/11/2014\] as well as the most recent brain MRI immediately prior to the data cut-off date \[**(E)**, 2/8/2018\] are shown in upper row, with brain MRI T1 without contrast shown in the corresponding lower row.](fneur-10-00042-g0003){#F3}

One Example of Beneficial Use of TBI Regimen With SRS Gamma Knife at Second GBM Progression
-------------------------------------------------------------------------------------------

The TBI regimen was restarted after 1-year therapy for the first disease progression in patient number 5. This subject was a 56 years old male with an initial diagnosis of GBM on January 25, 2014 and he was enrolled in the EF-14 clinical trial. TBI was given as salvage chemotherapy and it was electively stopped after 1 year treatment as his GBM was stable. When his tumor showed second progression with a new lesion in his left frontal lobe, TBI was restarted in conjunction with stereotactic radiosurgery using the Gamma Knife. The patient tolerated the treatment very well, and MRI every 2 months demonstrated tumor shrinkage and his tumor has been stable as of March 31, 2018, 1 year after the second tumor progression ([Figure 4](#F4){ref-type="fig"}). This patient completed 43 cycles TMZ and received 35 infusions of BEV/IRI and continues his full-time job as of March 31, 2018. His GBM tumor tissue showed MGMT promoter methylation. Molecular data on EGFR and IDH1/2 was not available.

![Therapy with TBI in combination with Gamma Knife stereotactic radiosurgery after the second GBM progression in patient number 5. Initial craniotomy was on 1/25/2014, but axial section images were not available in the pre-operative MRI. **(A)** Coronal view of anterior right frontal lesion (arrow). **(A\')** Coronal view of posterior right frontal lesion. **(B)** Post-operative MRI. Tumor in the posterior right frontal lobe was removed while the mass at the right anterior frontal lobe was untouched. **(C)** MRI on 5/12/2015 showed that tumor in the right anterior frontal lobe progressed as a non-targeted lesion while on EF-14 clinical trial, and this lesion was treated with Gamma Knife on May 20, 2015. The patient had been treated with TBI therapy for 1 year and then it stopped as scheduled. **(D)** MRI on 9/19/2016 suggested tumor progression around the surgical cavity and he had a 2nd craniotomy on 9/25/2016. But pathology demonstrated no active tumor. This was not considered as progression of disease. **(E)** The 2nd disease progression was diagnosed based on MRI (3/21/2017) because of an appearance of a new lesion in the left hemisphere which was treated with Gamma Knife on 4/5/2017. The TBI regimen was restarted. **(F)** The progressive disease was well-controlled based on the latest MRI on 3/5/2018; lesions were treated with Gamma Knife followed by TBI regimen plus TTFields. Brain MRI T1 with contrast shown in upper row and brain MRI T1 without contrast shown in the corresponding lower row.](fneur-10-00042-g0004){#F4}

Discussion {#s4}
==========

This retrospective study demonstrated that TBI+T treatment (*N* = 18) for rGBM resulted in longer median OS and PFS-R than patients in the BBC+T group, *P* \< 0.05. Although the median PFS was significantly different by 1.5 months (6.6 vs. 5.1), the difference of 14.7 months (32.5 vs. 17.8) in median OS was more pronounced. Because PFS-R values are also significantly prolonged by 6 months (10.7 vs. 4.7), it is possible that the TBI regimen better controlled tumor growth and played an important role in prolonging median OS. We believe that a lack of statistical significance of OS-R between TBI+T (*N* = 18) and BBC+T (*N* = 30) groups is probably due to the small sample sizes. Knowing that other factors, such as repeat surgery, Gamma Knife radiosurgery, molecular factors (MGMT promoter methylation status, and IDH1/2 mutation status) significantly affect prognosis, we cannot conclude with confidence that TBI alone or TBI+T are effective therapies for rGBM from this study. The TBI regimen produced moderate side effects including hypertension, leukopenia, and proteinuria. This study confirmed previous published results that TBI is a safe regimen with manageable and expected side effects ([Supplement Table 1](#SM1){ref-type="supplementary-material"}) ([@B19]--[@B21], [@B23]--[@B27]), which lends support to a proposed clinical trial testing this regimen in rGBM patients.

The goal of a combination chemotherapy is to achieve additive or synergistic effects in controlling aggressive GBM tumor cell growth. The rationale is to co-administer drugs that work by different molecular mechanisms. This has the potential to maximally reduce tumor cell growth and decrease the likelihood of drug resistance while simultaneously minimizing overlapping drug toxicity ([@B16]). TMZ causes methylation of DNA at the O^6^ and N^7^ positions of guanine, and it is excreted mainly by the kidney, and commonly induces myelosuppression ([@B1], [@B28]). BEV blocks angiogenesis by neutralizing VEGF, and it is metabolized and eliminated via the reticuloendothelial system. BEV causes hypertension, proteinuria, and it interferes with wound healing ([@B3], [@B4]). SN-38, an active metabolite of IRI, stabilizes the topoisomerase I-DNA complex, and it prevents DNA single-strand breaks from being re-ligated during DNA replication, which could lead to double-strand breaks and ultimately cause cell death ([@B29], [@B30]). Fecal excretion is the major elimination pathway for IRI, and it commonly causes diarrhea and myelosuppression ([@B31]). These known side effects are reversible after discontinuing the offending drug. Treatment delay or holding one or more chemotherapy drug(s) is also allowed if myelosuppression is identified prior to each cycle of drug therapy. TTFields are a regional physical treatment, which disrupts mitosis of proliferating cells. The transducer arrays that deliver TTFields cause scalp lesions, which can be managed by shifting the array positions on the scalp during array changes. There were no reports of systemic side effects from TTFields when combined with TMZ ([@B32]), neither was there evidence that continuous use of TTFields adversely affected quality of life, cognition, or functional status ([@B33], [@B34]).

When compared to the BBC+T group, the TBI+T group was more frequently associated with grade III liver enzyme elevation, hypertension and proteinuria. BEV caused 13.3 and 38.9% of hypertension in the BBC+T and TBI+T groups, respectively. Hypertension can be managed with anti-hypertensive medications or discontinuation of BEV. Elevation of liver enzymes may be attributed to TMZ; its occurrence in the TBI+T group (16.7%) is higher than that in the BBC+T group (3.3%). Myelosuppression (leukopenia and thrombocytopenia) is another side effect from both TMZ and IRI that requires close monitoring. Leukopenia toxicity from TMZ and/or IRI was usually reversible without medical treatment. However, some patients needed granulocyte colony-stimulating factor for an accelerated recovery. Patients who develop myelosuppression from radiation and/or TMZ regimens, including TBI regimen, have a high risk for developing pneumocystis jirovecii *pneumonia* (PcP), which can be deadly ([@B35]). Thus it is very important to start PcP prophylaxis to avoid opportunistic infections in patients with evidence of lymphopenia. For those patients who experienced moderate thrombocytopenia and liver enzyme elevation, it usually took 1--2 weeks to recover, and resuming treatment with TMZ was feasible. When grade III or IV myelosuppression events occur during the initial 6-weeks concurrent chemo-radiation therapy (CCRT) period, TMZ was discontinued permanently. Three patients required platelet transfusion because grade IV thrombocytopenia occurred during CCRT, and they were treated with BEV monotherapy during the first GBM progression because BEV is not known to cause myelosuppression. TMZ-induced severe myelosuppression is relatively rare and it happens mainly during CCRT ([@B36]). In line with this, the BBC+T group in our study had a higher incidence (26.7%) of thrombocytopenia than the TBI+T group (11.2%), grades III and IV combined ([Table 2](#T2){ref-type="table"}). There was one case of perforated diverticulitis in the BBC+T group, which was likely related to BEV use with the patient\'s history of diverticulosis. This is a known severe side effect from BEV use ([@B37]).

VTE was treated with low molecular weight heparin (1 mg/kg subcutaneous injection, twice a day for 3 months), and some patients had an inferior vena cava filter placement in addition to low molecular weight heparin therapy. Nabi et al. reported that administration of BEV was related to a higher incidence of VTE in GBM patients ([@B38]). However, it is difficult to establish a cause-effect relationship of VTE among patients receiving the TBI chemotherapy regimen because GBM patients\' hypercoagulable state itself can lead to VTE ([@B39], [@B40]). In addition, the incidence of VTE increases as patients live longer. We believe that the increased rate of VTE in our study is likely due to a combination of the hypercoagulable state of GBM and BEV application. We did not observe any hemorrhage or other bleeding events while patients on BEV received therapeutic low molecular weight heparin.

A post-mortem study on organ toxicity after long-term use of TBI is ongoing at MNI/UTHealth. This study enrolled 66 decedents as of March 31, 2018. Autopsy reports from 24 decedents who received TBI treatments demonstrate no unexpected permanent organ toxicity/injury on gross and microscopic examination (unpublished data) ([@B41]). Three studies demonstrated that the TBI regimen was tolerable among GBM patients without unexpected toxicities ([@B7], [@B19]--[@B21]). The TBI regimen was also well-tolerated among pediatric patients with medulloblastoma ([@B42]) and neuroblastoma ([@B24]). A dramatic response from TBI regimen therapy was reported in a patient diagnosed with recurrent medulloblastoma with widespread osseous metastases ([@B23]). Although these studies have small sample sizes, they have all demonstrated that the TBI regimen is safe for patient use.

Guidance regarding the use of TMZ for newly diagnosed GBM includes whether GBM tissue harbors a methylated MGMT promoter, but there is no consensus on treating rGBM with TMZ alone or a TMZ-containing regimen. Research reports that the MGMT promoter within tumor tissue can convert from un-methylated to methylated status between initial and recurrent GBM, and *vice versa* ([@B43]). Thus, not treating rGBM patients with TMZ may not be justified, or at least the tumor MGMT promoter methylation status requires re-evaluation before making a therapeutic decision. Individual cases of as many as 101 ([@B44]) and 108 ([@B45]) cycles of TMZ including its use for recurrent glioma, did not report unexpected toxicities and treatment was effective in controlling tumor regrowth. Perry et al. demonstrated that re-challenging rGBM patients with continuous, dose-intense TMZ at 50 mg/M^2^/d was effective, especially among patients whose tumor progressed during the first six cycles of conventional adjuvant TMZ therapy or after a treatment-free interval ([@B46]). In our study, restarting the TBI regimen including TMZ as a component for patient number 5 elicited good disease control for his second GBM progression ([Figure 4](#F4){ref-type="fig"}). Aguilera *et al* reported a 55-months treatment with TBI to a child diagnosed with relapsed medulloblastoma; the patient tolerated the treatment well and remained progression-free of the disease ([@B42]). The TBI regimen has been tested in several clinical trials treating pediatric and adolescent solid tumors (NCT00993044 ([@B25]), NCT02308527, NCT01114555 ([@B24]), NCT0121437 ([@B26]), NCT00876993, and NCT0118964327) ([Supplement Table 1](#SM1){ref-type="supplementary-material"}). The most recent study concluded that adding BEV to TMZ/IRI did not improve response rate compared to the TMZ/IRI combination in treating refractory or relapsed neuroblastoma ([@B24]).

When comparing a phase II clinical trial with TBI ([@B20]) to two large-scale phase III clinical trials ([@B5], [@B6]) in which the TMZ/BEV combination was used as adjuvant therapy for newly diagnosed GBM ([Supplement Table 2](#SM2){ref-type="supplementary-material"}), we noticed that IRI was the only component that differed in the adjuvant therapy phase. In the study using TBI as adjuvant therapy (*N* = 75), the median OS and PFS were 21.2 months (95% CI: 17.2--25.4) and 14.2 months (95% CI: 12--16), respectively ([@B20]). In comparison, studies of TMZ/BEV as adjuvant therapy elicited median OS and PFS about 16.5 and 10.6 months, respectively ([@B5], [@B6]). The adjuvant TBI regimen elicited better median OS and PFS outcomes when compared to two major phase III TMZ/BEV clinical trials. However, the research focus of the neuro-oncology community shifted to BEV later and no further studies were performed on the TBI regimen in the GBM population. We do not believe that IRI has a significant impact as a component in a two-drug combination regimen because BEV/IRI and TMZ/IRI combinations have been studied repeatedly and there has been no OS-R benefit ([@B11], [@B47], [@B48]). There has been no substantial progress in the development of novel chemotherapy drugs for rGBM and clinicians are limited to a few chemotherapy choices. Therefore, we believe that prospective studies using a combination of traditional chemotherapy drugs such as TMZ and IRI should be evaluated in combination with BEV and TTFields.

There are inherent limitations to our study because of its retrospective nature. Calculation of OS, PFS OS-R and PFS-R in this study is different from published data in clinical trials because clinical trials calculate survival from the day of randomization. In contrast, retrospective studies and population data analysis calculate survival day from the date of diagnosis. The execution of the treatment plan, especially when more treatments were combined, can be affected by insurance coverage. Some patients tended not to choose the TTFields device due to cosmetic concerns. Other limitations of our study include the small sample size, difficulty to control bias such as robust bone marrow functions, and missing data on MGMT promoter methylation and specific genetic tests. However, the decision to treat patients with TBI is not limited by molecular test results or Karnofsky performance score. More patients may potentially benefit from the combination treatment as long as their bone marrow functions are acceptable.

Conclusion {#s5}
==========

Our retrospective study demonstrated that the TBI chemotherapy regimen with TTFields treatment has the potential to prolong median OS and PFS-R for rGBM patients. This regimen caused moderate, but manageable side effects without unexpected severe toxicities. There has been no novel effective treatment for rGBM in nearly a decade and the toxicity of the TBI regimen has been well-documented from its limited use among GBM and other brain tumor populations including pediatric patients. We strongly believe that a prospective clinical trial using TBI to treat rGBM with or without TTFields is warranted to investigate its efficacy and toxicity.
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